Using the presence or absence of 63 variable restriction endonuclease (RE) sites selected from 225 sites with six REs, genomic polymorphism of 242 herpes simplex virus type 1 (HSV-1) strains from six countries (Japan, Korea, China, Sweden, U.S.A. and Kenya) was quantitatively analysed. Twenty-five of the 63 sites were found to differ between Korean and Kenyan strains. In contrast, only three and six sites were found to differ between isolates from Sweden and the U.S.A. and between those from Korea and China, respectively, suggesting that they are closely related to each other. In this way, characterization of 63 sites enabled us to categorize 186 distinct HSV-1 genotypes from 242 individuals. Some strains from Japan, Korea and China shared the same genotypes, indicating that they are phylogenetically closely related. Many significant correlation coefficients (] r ] > 0.42; P < 0.01) between pairs of sites were found in isolates from the three Asian countries (Japan, Korea and China) as well as in those from Sweden and the U.S.A., suggesting that HSV-1 strains from within the same ethnic groups are evolutionarily closer. The average number of nucleotide substitutions per nucleotide, as defined by nucleotide diversity (~), was estimated for HSV-1 genomes within (~x or ~y) and between (~xY) countries. On the basis of 225 sites, nucleotide diversity for Kenyan isolates was 0-0056, almost three times higher than that for Korean isolates, implying that Kenyan HSV-1 genomes are much more diverse than those from Korea. In addition, the diversity between HSV-1 isolates from different countries (~xY) was highest between isolates from the three Asian countries and Kenya (0.0075 to 0.0081) and lowest among those from the three Asian countries (0.0032 to 0.0040). The mutation rate (k) for HSV-1 was estimated to be 3-5 x 10 S/site/year. All these findings show that the evolution of HSV-1 may be host-dependent and very slow.
Introduction
The analysis of herpes simplex virus (HSV) strains by restriction endonuclease (RE) cleavage sites has been used not only to distinguish between HSV types 1 and 2 but also for strain differentiation within an HSV type (Roizman, 1979 (Roizman, , 1980 Lonsdale et al., 1979 Lonsdale et al., , 1980 Maitland et al., 1982; Ueno et al., 1982; Umene et al., 1984; Sakaoka et al., 1987 a, b; Umene & Yoshida, 1989; Umene & Sakaoka, 1991) . The existence of intratypic polymorphism in HSV genomes led to the establishment of a new field in terms of molecular epidemiology (Roizman & Buchman, 1979; Buchman et al., 1980; Roizman & Tognon, 1983; Sakaoka et al., 1984 Sakaoka et al., , 1985 . For instance, DNA variability among HSV strains has been employed in the field to trace transmission of HSV in hospitals (Hammerberg et al., 1983; Manzella et al., 1984; Sakaoka et al., 1986) and other communities (Hammer et al., 1980; Sakaoka et al., 1984; Mertz et al., t988) , and to determine whether infection resulted from reactivation of latent virus or from reinfection with exogenous virus (Whitley et al., 1982; Alams et al., 1989) . The markers for strain differentiation are mainly the presence or absence of RE cleavage sites (Roizman & Tognon, 1983; Chaney et al., 1983a, b; Umene, 1987; Sakaoka et al., 1987a, b) , rather than variable fragment lengths resulting from variation in the copy number of short tandemly repeated sequences (Davison & Wilkie, 1981; Saito et al., 1989) . These variable RE sites are considered to be generated by substitution of a nucleotide in the RE recognition sequences (McGeoch et aI., 1985; Nei, 1987; Hondo et al., 1989) . (Locker & Frenkel, 1979; Roizman & Buchman, 19791 with a minor modification (Sakaoka et al., 1987a) . XhoI and PvulI maps are based on those for strain 17 syn + (Sanders et al., 1982) . The numbers (1 to 63) and labels (B I to Pls) under each map indicate the position of RE sites and fragments that show variation among strains, and correspond to the sites described in Methods and Table 1. Using the 30 most variable sites, Chaney et al. (1983 b) analysed 84 HSV-1 isolates obtained from people in Canada, U.K. and U. S.A. (i.e. Caucasian) , and showed that a few sites were present at significantly different frequencies in groups from distinct geographical origins. We showed that the genomes of HSV-1 isolates from three separate areas of Japan differed significantly from each other (Sakaoka et al., 1985) . We also demonstrated, by pairwise comparisons of HSV-1 isolates from Japan (104 strains), Sweden (68 strains) and Kenya (32 strains), statistical differences in the frequency of the presence of many RE sites, and showed that the genotypes of isolates from the three countries could be almost completely distinguished from one another (Sakaoka et al., 1987a) . In these studies, however, quantitative analysis of variation among HSV-1 strains was not performed. We consider that such quantitative analysis of variation will make an important contribution to molecular epidemiology (Roizman & Tognon, 1983; Sakaoka et al., 1986a; Umene & Sakaoka, 1991) , population genetics and molecular evolutionary studies of HSV-1 strains distributed throughout the world.
On the basis of the presence or absence of RE cleavage sites, a mathematical model for the quantitative study of genetic variation in human mitochondrial DNA has been proposed (Nei & Li, 1979; Nei & Tajima, 1981 Nei, 1987) . According to this model, genomic variability can be expressed in terms of nucleotide diversity, which is estimated from the sites common to homologous DNAs. In addition, for more precise analysis of divergence within and between populations, as many RE sites as possible should be used for a relatively large number of strains. In this report, new data on 28 to 50 isolates from Korea, China and the U.S.A. were added to compare the nucleotide diversity of isolates within and between countries. We extended the quantitative analysis of genomic polymorphism to a total of 242 epidemiologically unrelated HSV-1 isolates from individuals from the six geographically separate countries, according to the presence or absence of a number of sites for a set of six REs. The data showed that the Kenyan population had the highest degree of HSV-1 diversity among the six countries. (Fig. 1) . t Marker for presence or absence of a site between A' and A. :~ Marker ~br whether A (7% of genome) is cleaved to a I (6"0%t and a 2 (1-0%) by the presence of a new site (A = al+a2).
Methods
Viruses. HSV-1 strains F and Glasgow 17 syn +, which were gifts from Dr B. Roizman and Dr D. McGeoch respectively, were used as standard laboratory strains.
Isolates. To compare isolates obtained from similar environments (e.g. relatively large cities) and to examine a similar number of isolates in each country, 48 new strains isolated in Kyoto as representative of the Japanese HSV-1 isolates were used instead of the 104 Japanese isolates previously described (Sakaoka et al., 1987a) . Fifty strains isolated only in Stockholm were used as the Swedish HSV-1 isolates for this study instead of the previous 68 isolates. The 32 Kenyan isolates obtained in Nairobi were included (Sakaoka et al., 1987a) .
Furthermore, 50 isolates obtained in Seoul (Korea), 28 in Shenyang (China) and 34 in Atlanta (U.S.A.) were added as the HSV-1 strains from these countries, giving a total of 242 isolates from the six countries for the present study. The isolates were taken between 1980 and 1988 from only natives of each country and were confirmed to be epidemiologically unrelated. The Atlanta isolates are believed to have been primarily from Caucasians although detailed records of their ethnic origins do not exist.
DNA extraction, RE digestion and gel electrophoresis. DNA extraction from HSV-l-infected cells, RE digestion and agarose gel electrophoresis were described previously (Sakaoka et al., 1985 (Sakaoka et al., , 1987a (Locker & Frenkel, 1979; Roizman, 1980 : Roizman & Tognon, 1983 ) with a minor modification (Sakaoka et al., 1987a) . The site and fragment nomenclature for A71oI and PvuII were taken from the maps of strain 17 syn + (Sanders et al., 1982) (Fig. 1) . Southern hybridization (Southern, 1975) was carried out on Pall Biodyne A transfer membranes (Pall Ultrafine
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Filtration) using recombinant plasmids containing BamHl fragments of strain F (Post et al., 1980) (Snedecor & Cochran, 1980) . In order to compare the correlation coefficient (r) of every pair of RE sites. Pearson's product moment correlation coefficient was calculated with a 2 x 2 contingency table by using the same formula as that employed by Chaney et al. (1983b) . Nucleotide diversity. Nucleotide diversity (~) is given as the average number of nucleotide substitution per nucleotide by pairwise comparison of each genotype in the population (Nei, 1987) . Using the 63 variable sites and remaining 162 non-variable sites among strains, nucleotide diversity within (~x or ~y) and between (~xY) countries was estimated. Nei & Li (1979) showed how to estimate the number of nucleotide differences between a pair of genotypes from data on the proportion of shared RE sites (S), which is calculated by: S~j = 2N~J (N~+Nj) (equation 1). Here, N~ and Nj are the numbers of RE sites in genotypes i and j, respectively, and N~j is the number of RE sites shared by genotypes i and j. The number of nucleotide differences per site (~j) between genotypes i and j then may be estimated by: ~j = (-logeSij)/r (equation 2). Here, r is the number of nucleotides in the recognition sequence of the RE. We used only enzymes recognizing hexanucleotide sequences, so that r = 6. Nei & Tajima (1981) defined the nucleotide diversity (~) of a population by: r~ = {n/(n-1)} ~ pipjnjj (equation 3), where sample frequencies of the genotypes i and j within the population are given by p~ and Pi, respectively, and where n is the sample number. Variance of n is estimated by the method of Nei & Li (1979) . To calculate nucleotide differences between populations, let p~ and q~ be the sample frequencies of the i-th genotype in populations X and Y, respectively. Then, the mean number of nucleotide differences between the populations is ~xY = 1/(nxny)~p~qj~z~j (equation 4), where n x and i,j ny are the sample numbers in populations X and Y, respectively. ~xY, however, includes the nucleotide differences within populations. The net number of nucleotide differences (~A) between the two populations is estimated by: ~A = ~xy-0Zx+~Y)/2 (equation 5), where ~x and ~y are the values given by equation 3 within populations X and Y, respectively. Table 1 and Fig. 1 ) was found in S-9, S-10, S-11 and S-22. In S-9, S-10, S-23 and S-24, gl and g2 (37; X3) generated by the presence of a site in G (G = gl + g2) could be seen. In S-9 and S-23, the site between R and F was absent and a fusion fragment of R-F (40; X~) had been formed instead. Except for S-23, each of six isolates had a site in O, which was cleaved to o a and o 2 (41 ; X 7 ; O = o 1 + o2). In addition, a fusion fragment T-Y (46; X12) due to the absence of the site between T and Y could be observed in S-10, S-11, S-22 and S-23. Thus, five (35, 37, 40, 41 and 46) of the 14 variable XhoI sites can be seen in Fig. 2 . Fig. 3 shows the PwtII profiles of 17 syn + and six HSV-1 isolates, together with an HSV-2 digest as a reference. Each of the six HSV-1 isolates had a site in H, which was cleaved into h I and h~ (54; P6; H = h 1+ h2). Two fusion fragments, F S' (59; Pll) and R-V (53; P4), were found in K-75, indicating the absence of the sites between F and S', and between R and V, respectively. In each HSV-1 isolate, except K-25, a fusion fragment of D'-G' (56; Ps) and cleavage of T into tl and t~ (57; P9; T = t 1 -t-t~; t 2 ran off the agarose gel) could be observed. Thus, five (53, 54, 56, 57 and 59) of the 15 sites used to screen PwdI site variation can be seen in Fig. 3 . These site variations have been verified by Southern blot hybridization. Fig. 4 demonstrates an example in which some variable PvulI sites were identified by using a mixture of 3~P-labelled BamHI C, M, N and E' as a probe. Three variable sites due to the presence of sites in D (D = d~+d2) (49; Pi), in I (I = ia+i~) (51; P3) and in H (H = hl+h~) (54; P6) can be seen (Fig. 1 ). In addition, the two fusion fragments, D'-G' (59; Ps) and M-W (62; P14), could be confirmed by hybridization with the labelled E' and N fragments in the mixture, respectively.
Results
RE sites for comparison of HSV-1 isolates
Difference in frequency of RE sites between HSV-1 isolates from six different countries
The frequency at which variable sites occurred was calculated for each of the six countries. Twenty-four sites showed no significant difference in their frequency between any pair of countries. Data for the remaining 39 sites are presented in Table 2 . The most variable sites showing statistically significant differences in their frequencies (P < 0'01) in more than seven of the possible 15 pairwise combinations of the six countries were the following 17: sites 1 and 4 (BamHI), sites 9, 10, 14 and 15 (KpnI), sites 19, 21, 22, 27 and 31 (SaII) 
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17 syn + S-9 S-10 S-11 S-21 S-22 S-23 S-24 Fig. 2 . XhoI profiles and RE sites showing variation in eight HSV-1 DNAs. DNA digests of a standard strain, 17 syn +, and seven isolates (S-9 to S-24) are shown. The fragment nomenclature is that of strain 17 syn + (Sanders et al., 1982) . Numbers in parentheses correspond to those in Fig. 1 .
present, a single site only at site 9 (M is cleaved to m 1 and m2; M = m, +m~) but not at site 10 (M is cleaved to m 3 and m4; M = m3+m~). In contrast, Kenyan strains (Negroid) sometimes had site 10 but never site 9. Interestingly, strains from Sweden and the U.S.A.
(Caucasoid) had site 9 or site 10 or neither. had no sites in SalI Q. Of the remainder, which had sites in SalI Q, most of the isolates from the Caucasoid group had site 27 (Q cleaved to ql and q2; Q = ql + q2) whereas more than two-thirds of the isolates from Kenya had site 28 (Q is cleaved to q3, q4; Q = q3 + q~). All HSV-1 strains obtained in Japan, Korea and China had site 31, whereas fewer than half of the strains obtained in Sweden and the U.S.A. had such a site. Site 32 was present in all strains obtained from the three Asian countries, but present in only about half of the isolates from Sweden and the U.S.A., and in only onethird from Kenya. Also, all isolates obtained in Japan,
Korea and China had a cleavage site in XhoI G (site 37), whereas fewer than two-fifths of the isolates from Sweden and the U.S.A. and two-thirds of those from Kenya had such a site. Thus, the occurrence of many sites in HSV-1 isolates differed considerably from country to country. It became evident that the more distinct the ethnic groups the greater the difference between isolates. There were several sites which were present or absent in isolates from only one of the six countries or the three ethnic groups. For instances, sites 2 and 9 were absent only in Kenyan strains, whereas sites 47, 48, 58 and 63 were present only in this group of strains. Sites 10 and 60 were present only in strains from the Caucasoid and Negroid groups, sites 7 and 13 were present only in the Analysis of HSV-1 genomic polymorphism 519 Fig. 4 . Analysis of PvuII site variation of eight HSV-1 isolates (A to H) by Southern blot hybridization. Fragments separated by agarose gel electrophoresis were transferred and immobilized on a membrane, and hybridized with a mixture of 3~'P-labelled BamH] C, M, N and E'. Numbers in parentheses are as in Fig. 1 and 3.
differences were noted for the three remaining variable KpnI sites (8, 11 and 13). Out of a possible 15 pairwise combinations of countries, more than seven were significantly different at sites 9, 10, 14 and 15. It should be noted that between four and six significant differences were found at each of the eight KpnI sites when Kenyan isolates were compared with those from the five other countries. Six sites were found to differ significantly between Korea and the U.S.A. Table 4 summarizes the numbers of variable RE sites exhibiting statistically significantly different (P < 0'01) frequencies of occurrence in comparisons of isolates from pairs of countries. Between 22 and 25 of the 63 sites differed significantly when strains from Kenya were compared with those from four other countries (Japan, Korea, China and Sweden), indicating that strains from Kenya are genetically most distant from the strains from these four countries. On the other hand, only three, and six to 10 sites differed significantly between strains from Sweden and the U.S.A., and among those from Japan, Korea and China, respectively. Eleven to 19 sites differed between isolates from the Caucasoid and Mongoloid groups. Therefore, it seems that in evolutionary terms HSV-1 strains from the Caucasoid group are situated between those from Mongoloid and Negroid groups.
Distribution of genotypes of HSV-1 isolates from six different countries
Each HSV-1 genome, expressed as 0 (presence of the site) or 1 (absence of the site) from sites 1 to 63, was compiled on the computer (data not shown). A total of 242 isolates from the six countries were classified into 186 genotypes (no. of strains/no, of genotypes = 1-3). Forty-eight HSV- Xlo  22  34  14  12  14  19  46  Xlz  6  10  18  15  5  9  51  P3  0  0  0  0  4  20  53  P5  44  50  17  50  34  32  54  P~  47  50  28  38  26  31  56  P8  27  35  19  23  20  27  57  P9  19  43  14  10  8  11  58  P10  0  0  0  0  0  15  59  Pn  18  42  21  37  30  8  60  Pie  0  0  0  14  12  1  62  P14  48  50  28  50  33  12  63 Pla 0 0 0 0 0 18 * Twenty-four sites whose frequencies did not differ significantly between any pair of countries have been omitted. I, ~ Corresponding to sites defined in Table 1 and Fig. 1 . § Number of isolates from each country in which the site is present (n = total no. of isolates for that country).
1 isolates from Japan, 50 from Korea, 28 from China, 50 from Sweden, 34 from the U.S.A. and 32 from Kenya were classified into 28 (no. of isolates/no, of genotypes --1.7), 37 (1'35), 19 (1.47), 50 (1.0), 33 (1.03) and 23 genotypes (1-39), respectively. The ratio of the number of isolates to the number of genotypes was highest in the Japanese isolates and lowest in the Swedish isolates.
Although all the isolates were epidemiologically unrelated, and as many as 63 sites were used in this study, several strains from Japan, Korea, China and Kenya were assigned to the same genotypes, e.g. genotypes 95, 94, 76 and 152, respectively. These are referred to as predominant genotypes. For instance, 11 (22-9 %) of 48 Japanese strains were assigned to genotype 95, which is the most predominant genotype found in Japan; genotypes 76, 94 and 152 were the most predominant genotypes in China, Korea and Kenya, respectively. The proportion of isolates classified into the most predominant genotype differed significantly between countries. Finally, 168 (69-4 %) of 242 isolates had a unique genotype to which only one isolate was assigned. Thus, a wide variety of genomic polymorphism was found to exist in HSV-1 strains. However, the remaining 74 (30.6%) isolates were clustered into 18 genotypes.
The four genotypes 95, 103, 128 and 129 each contained representatives from two of the Asian countries, implying that these isolates are phylogenetically related. In contrast, almost all of the strains from 
Correlation between RE sites in isolates fi'om six countries
In earlier studies of RE site variation in HSV-1 and HSV-2 isolates, we had noted the existence of strong correlations between specific pairs of sites (Sakaoka et al., 1987a, b) . For instance, the Japanese isolates lacking the site between BamHI A' and A (site 1 ; B~; expressed as 1 in this study) often had a site in BamHI A (site 2; B 2; expressed as 0), as seen in Table 5 . Thus, it seemed that there could be significant association between variable RE sites. To characterize the correlation among RE sites in strains from each country, the extent and direction (positive or negative) of correlation was analysed. This is based on the consideration that any two sites may be correlated with each other in isolates which have undergone new mutation at another site, and/or genetic recombination with other variants. Table 5 shows correlation coefficients (r) for 20 selected sites which in various combinations showed significant correlation. These sites have been rearranged in their map order (Fig. 1 ). There were many pairs of sites with statistically significant values ( I r ] > 0.42; P < 0"01). Individual pairs of sites showed correlations in isolates from a single country or commonly in isolates from more than two countries. Ten out of 19 neighbouring sites (boxes directly under diagonal in Table 5 ) were significantly correlated in at least one of the six countries, but other adjacent sites (left blank) were not. Complete linkage shown by correlation coefficients of r = 1"00 (or -1"00), indicating either 0~0 or 1-1 (or 0 1 or 1~0) at the two sites in all the isolates from a country, was noticed for five pairs of sites, $1-K2, B1-B 2, B1-B 6, B2-B 6 and S~-S10. Of these, B 1 and B2, and S 9 and S~o are neighbours, but the three other pairs represent well separated sites. Thus, high correlation does not always arise from neighbouring sites. Complete negative correlation (r = -1.00) between S 9 (site 27) and $1o (site 28) in Japanese and Korean strains is due to the fact that no intact SalI Q was detected in them, all the isolates having either site 27 or 28.
In the strains from two or all three Asian countries, many significant correlations with the same direction (positive or negative) could be found between the same pair of sites, as can be seen at St-Pla, $1-K7, Bi B2, (Nei & Li, 1979; Nei & Tajima, 1981) .
Ba-B4, B1 B6, B1-K 6, B1-Xlz, B2 B6, Bz-X12, B2-K G, B6-X12, P9-Pal and Kv-P11 in Table 5 . Thus, there are many similar mutations in HSV-1 strains from the three Asian countries. Several significant correlations were also detected at the same pairs of sites (B2-Kz, Bz-Sa3 , K~-X~, K2-$13 and X6-Xz) for isolates from Sweden and the U.S.A. These observations demonstrate that HSV-1 populations within an ethnic group are phylogenetically closely related. As can be seen at S1-Kz, $1 KT, B1-B2, K2-K 7 and B~-Xa2 , some significant correlations were also found between pairs of sites in isolates from the Mongoloid and Caucasoid groups, suggesting that isolates from these two ethnic groups are the most closely related among the three groups.
Nucleotide diversity within and between HSV-1 isolates from six countries
In order to determine the extent of HSV-1 DNA polymorphism in a population at the nucleotide sequence level, we estimated nucleotide diversity (n) which was measured as the average number ofnucleotide differences per nucleotide in the HSV-1 population, based upon the 63 variable and 162 non-variable RE sites in this study. The estimates of nucleotide diversity within an HSV-1 population (n x or ny; intrapopulational nucleotide diversity) from each country are given in Table 6 . The 7t x or ny value was lowest (0-0022) for Korean HSV-1 isolates and highest (0-0056) for Kenyan isolates. It should be noted that the value of 0.0056 implies a 0'56 % difference in nucleotides (5.6 nucleotides different per 1000 bases) between any two randomly chosen Kenyan HSV-1 strains, in the 225 sites compared. The value for Kenyan strains was almost three times higher than that for Korean strains, indicating that Kenyan HSV-1 strains are very heterogeneous compared to Korean strains. HSV-1 isolates from people in the Asian countries were more homogeneous than those from the two other ethnic groups. The values for isolates from Sweden and the U.S.A. were similar, and were intermediate between those from the Asian countries and Kenya.
The estimates of interpopulational nucleotide diversity (nx~) and net nucleotide diversity (hA) between HSV-1 isolates from the six countries are given in Table 7 . All of the nxy values were much higher than the n x or ny values, except for the value (nxy) between isolates from Japan and Korea, which was slightly lower than that of isolates from Japan. The nxy values were the smallest in comparisons between Japan, Korea and China (0-0032 to 0.0040). On the other hand, the values were highest between isolates from the three Asian countries and Kenya (0-0075 to 0"0081). The nxy values between strains from Kenya and Sweden (or the U.S.A.) were slightly lower than those between isolates from Kenya and the three Asian countries, but were higher than those between the three Asian countries and Sweden (or the U.S.A.).
The net nucleotide diversity (xA) between each of the three Asian countries and Kenya was also the highest (0.0029 to 0"0042), indicating that these isolates are evolutionarily farthest apart. Those between strains from Kenya and Sweden (or the U.S.A.) were estimated as the next highest values, and were higher than those between the three Asian countries and Sweden (or the U.S.A.). The n A value between isolates from Sweden and the Table 7 . Estimates of nucleotide diversiO, (nxr) and net nucleotide diversity (hA) between HSV-1 isolates from six countries* Isolates Japan Korea China Sweden U.S.A. Kenya from (n = 48) (n = 50) (n = 28) (n = 50) (n = 34) (n = 32) 
Estimation of the rate of nucleotide substitution
The average rate of nucleotide substitutions per site per year @) (mutation rate or evolutionary rate) for HSV-1 was estimated using the equation d~ = 2)~T (Nei & Tajima, 1983; Nei, 1987) , where T is the time in years since the divergence of two homologous DNAs from their common ancestor. If we know the values of T and d~, it is possible to estimate k. It was estimated that the Negroid and the Caucasoid-Mongoloid groups diverged about t l0000 years ago, whereas the Caucasoid and Mongoloid diverged about 50000 years ago (Nei, 1982) . Since the n values among HSV-1 isolates from the three ethnic groups are almost proportional to the divergence times of these ethnic groups (average n A values of 0"0034 and 0"0016 for comparisons of Mongoloid with Negroid and Caucasian isolates, respectively; Table 7), we conclude that the evolution of HSV-1 strains is hostdependent. Therefore, it is possible to estimate the rate at which the genomes have been evolving. If we use nxy = 0.0077 as our estimate of nucleotide diversity between HSV-1 isolates from the Negroid and Mongoloid [average value of nxy between Kenyan (Negroid) and Japanese, Chinese and Korean (Mongoloid) isolates in Table 7 ], the )~ value for HSV-1 is estimated to be 3.5 x 10 .8 per site per year, since dij -0.0077 from the equation di i = (-3/4)logo(1-4nxy/3) (Nei & Tajima, 1983) .
Discussion
To detect the range of genomic polymorphism in HSV-1 strains on a world-wide level, we examined 242 epidemiologically unrelated isolates from six countries (48 isolates from Japan, 50 from Korea, 28 from China, 50 from Sweden, 34 from the U.S.A. and 32 from Kenya). The present study compares the DNA variability of HSV-1 strains that have been perpetuated in three ethnic groups: the Mongoloid (people in Japan, Korea and China in this study). Caucasoid (people in Sweden and the U.S.A., as believed to be represented in the U.S.A. sample) and Negroid (Kenyan). In addition, our studies contribute not only to phylogenetic and molecular epidemiological studies of HSV-1 but also to the field of population genetics of HSV-1.
An ideal analysis for genomic polymorphism would be to compare nucleotide sequence data directly, but it is not practical at present to do this with a large number of strains. Our comparison among strains was performed on the basis of the presence/absence of RE sites, because the sites are reliable markers for nucleotide sequences and are useful for easily characterizing a large variety of isolates (Roizman & Tognon, 1983; Chaney et al., 1983a, b; Umene, 1987; Sakaoka et al., 1987a, b; Saito et al., 1989) . In the present examination, we took 63 variable sites chosen from 225 sites distributed over the whole genome (Fig. 1). Judging from the open reading frames completely sequenced for HSV-1 strain 17 (McGeoch et al., 1985 (McGeoch et al., , 1986 , most of the 63 sites were located in coding regions. For the classification of isolates into genotypes, the remaining 162 sites were excluded because they varied little between strains and because of limitations in computer capacity. On the other hand, all 225 sites were used to calculate nucleotide diversity, as mentioned later. Since the 225 sites are all 6 bp recognition sequences they represent 0-89% (225 x 6 x 100/152000) of the whole HSV-1 genome, and we may therefore conclude that differences in those sites properly reflect the overall divergence of nucleotide sequences among the strains.
Each of the 63 sites was designated 0 when present and 1 when absent. This notation was somewhat different from that previously used where sites the same as standard strain F were coded as 0, whereas the different sites were coded as 1 (Sakaoka et al., 1987a, b) . The designation of sites allowed nucleotide differences per nucleotide (so-called nucleotide diversity) to be computed from the number of shared RE sites in different DNAs (Nei & Li, 1979; Nei & Tajima, 1981; Nei, 1987) .
Of the 63 variable sites studied, 39 occurred at significantly different frequencies in at least one pairwise combination of countries. Analysis of the number of sites at which isolates from the various countries differed significantly revealed several correlations. Isolates from the U.S.A. and Sweden showed few significant differences. Isolates from Japan, Korea and China were also closely related, and differed to an extent similar to isolates from two different regions of Japan (Sakaoka et al., 1985 and unpublished data) . These results suggest a relationship between the diversity of the HSV-1 strains and the diversity of the ethnic groups from which they originate.
Predominant genotypes were recognized in Japan and Kenya. The proportion of isolates exhibiting the predominant genotype decreased, however, as the number of sites was increased from 21 to 63 (Sakaoka et al., 1987a) . Epidemiologically unrelated isolates belonging to predominant genotypes identified with REs recognizing 6 bp sequences can nevertheless be distinguished using enzymes recognizing 4bp sites (Umene, 1987; Umene & Sakaoka, 1991) .
In order to characterize RE site variation, correlation coefficients (r) between pairs of sites in a population of HSV-1 strains from each country were investigated. There were 253 pairs of sites with significant correlation coefficients (I r[ > 0.42; P < 0"01) from a possible combination of 1953 (63 x 62/2) although not all of these could be included in Table 5 . The data on correlation coefficients led to the conclusion that RE site variation may have occurred independently in separate ethnic groups during virus evolution. Recombination between variants is not the principal mechanism generating correlation because correlation coeffÉcients were not necessarily found to be highest for neighbouring sites.
Nucleotide diversity within and between countries was estimated from data for 63 variable and 162 non-variable sites. The Kenyan isolates showed the greatest intrapopulational diversity suggesting that the strains perpetuated in the Kenyan group may have a long evolutionary history. An alternative explanation may be that the population studied contains individuals who have recently moved from diverse rural areas of the country. Using RE sites, the rt x value for Japanese mitochondrial DNA was reported to be 0.0026 (Horai & Matsunaga, 1986) . Thus, the value of 0.0037 for the Japanese isolates of HSV-1, which has a double-stranded DNA and is an infectious agent, is similar to that for mitochondrial DNA, an extranuclear eukaryotic DNA.
The data for interpopulational nucleotide diversity suggest that the rCxy values between HSV-1 strains are proportional to the evolutionary divergence of the hosts from whom the strains were isolated. In addition, the ~x,~ values closely paralleled the numbers of statistically different RE sites among HSV-1 isolates from the six countries.
To compensate for high diversity within countries (re x or roy), net nucleotide diversity (~A) between two countries was calculated by equation 5 (Nei & Li, 1979; Nei, 1987) . There was no difference in ordering between the ~xY and ~A values. However, the rc A value between Sweden and the U.S.A. (0.0002) was lower than those among the three Asian countries (0,0006 to 0.0007).
As shown above, the diversity of HSV-1 isolates could be considered in terms of ethnic groups rather than countries. We estimated, therefore, nucleotide diversity between isolates from the three major ethnic groups. When the three kinds of nucleotide diversity (x x or ~v, r~xy and r~A) were calculated from rc x or ~v and ZCxv values averaged over the three Asian countries for the Mongoloid and over Sweden and U.S.A. for the Caucasoid, both the ZCxy and nA values were highest between the Mongoloid and Negroid, and lowest between the Mongoloid and Caucasoid. These results show that Caucasoid HSV-1 isolates are phylogenetically situated between those from the Mongoloid and Negroid, but are nearer to those from the Mongoloid than those from the Negroid.
The observed proportionality of na values between isolates from different ethnic groups to the divergence Analysis of HSV-1 genomic polymorphism 525 times of the hosts suggested that the virus strains had evolved with their hosts. Based upon this assumption the average number of nucleotide substitutions per site per year (~, the mutation rate or evolutionary rate; Nei & Tajima, 1983; Nei, 1987) for HSV-1 strains was estimated to be 3.5 x 10 -8, although ancestral HSV-1 genomes may have exhibited some degree of polymorphism prior to the divergence of the host into its major ethnic groups. The )~ rate of HSV-1 genomes is approximately five times higher than the 0.7 x 10 -s per site per year estimated for human mitochondrial DNA (Nei, 1985) . Based on the same assumption that viral genomes diverged with their natural hosts, the average rate for papovaviruses (BK virus, simian virus 40 and polyoma virus) was shown to be about 4.5 x 10 -9 to 6-5 x 10 9 (Soeda & Maruyama, 1982) . The rate of synonymous substitution in hepatitis B virus was estimated to be 4-57 x 10 ~ (Orito et al., 1989 ; Gojobori et aL, 1990) , about 103 times higher than that of HSV-1 in the present study. These authors therefore suggested that the evolution of the hepadnavirus family was independent of host species divergence. The low )~ rate of HSV-1 suggests that the variations may have taken place only through DNA replication events, and that nucleotides have not been substituted during the characteristic latency phase.
Since comparisons of HSV-1 and HSV-2 sequences reveal approximately 70 % identity for coding sequences with greater differences for non-coding regions (McGeoch et al., 1987; McGeoch, 1989) , it is suggested that these two viruses may have diverged from a common ancestor. Therefore, a Ztxv value of 0-35 between HSV-1 and HSV-2 can be assumed and dij between the viruses is then estimated to be 0.47 using the equation di~ = ( -3/4)loge(1 -47txy/3 ) (Nei & Tajima, 1983; Nei, 1987) , where i is for HSV-1 andj is for HSV-2. Comparison of the deoxythymidine kinase proteins of HSV-1 and HSV-2 suggested a divergence time of 8 to 10 million years ago for HSV-1 and HSV-2 (Gentry et al., 1988) . Taking T to be 9 x l0 G years and d~j to be 0-47 the equation dij = 2)~T yields a )~ value of 2.6 x 10 8 per site per year. This value is in close agreement with the rate calculated above for the HSV-1 isolates (3'5 x 10 s).
To summarize, using 225 sites, we carried out qualitative and quantitative analyses of genomic polymorphism among HSV-1 strains from six countries and found a wide diversity of HSV-1 genomes on a worldwide level. In conclusion, the evolution of HSV-1 may be very slow and host-dependent. Thus, progress in molecular evolutionary studies of HSV-1 should contribute to the understanding of the molecular epidemiology as well as molecular pathology of this virus.
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